Rab4A is a master regulator of receptor recycling from endocytic compartments to the plasma membrane. The protein TBC1D16 is upregulated in melanoma, and TBC1D16-overexpressing melanoma cells are dependent on TBC1D16. We show here that TBC1D16 enhances the intrinsic rate of GTP hydrolysis by Rab4A. TBC1D16 is both cytosolic and membrane associated; the membrane-associated pool colocalizes with transferrin and EGF receptors (EGFRs) and early endosome antigen 1, but not with LAMP1 protein. Expression of two TBC1D16 isoforms, but not the inactive R494A mutant, reduces transferrin receptor recycling but has no effect on transferrin receptor internalization. Expression of TBC1D16 alters GFPRab4A membrane localization. In HeLa cells, overexpression of TBC1D16 enhances EGF-stimulated EGFR degradation, concomitant with decreased EGFR levels and signaling. Thus, TBC1D16 is a GTPase activating protein for Rab4A that regulates transferrin receptor recycling and EGFR trafficking and signaling.
Rab4A is a master regulator of receptor recycling from endocytic compartments to the plasma membrane. The protein TBC1D16 is upregulated in melanoma, and TBC1D16-overexpressing melanoma cells are dependent on TBC1D16. We show here that TBC1D16 enhances the intrinsic rate of GTP hydrolysis by Rab4A. TBC1D16 is both cytosolic and membrane associated; the membrane-associated pool colocalizes with transferrin and EGF receptors (EGFRs) and early endosome antigen 1, but not with LAMP1 protein. Expression of two TBC1D16 isoforms, but not the inactive R494A mutant, reduces transferrin receptor recycling but has no effect on transferrin receptor internalization. Expression of TBC1D16 alters GFPRab4A membrane localization. In HeLa cells, overexpression of TBC1D16 enhances EGF-stimulated EGFR degradation, concomitant with decreased EGFR levels and signaling. Thus, TBC1D16 is a GTPase activating protein for Rab4A that regulates transferrin receptor recycling and EGFR trafficking and signaling.
endocytosis | membrane traffic R ab GTPases are master regulators of membrane trafficking (1) . They exist in an active, GTP-bound state and an inactive, GDP-bound state. When active, they bind a number of specific effector proteins that mediate their diverse roles in transport vesicle formation, motility, docking, and fusion. A given cell may contain as many as 40 distinct Rab proteins (2) , each localized to a distinct membrane microdomain and providing compartment identity to those membrane domains. Rab activity is regulated by GTPase activating proteins (GAPs) and guanine nucleotide exchange factors, which inactivate the Rab by catalyzing GTP hydrolysis and reactivate a Rab by facilitating release of bound GDP, respectively (3) .
TBC1D16 is a member of the Tre2/Bub2/Cdc16 (TBC) domaincontaining family of proteins. Members of this family have been associated with cancer and cell signaling events, and are important for intracellular receptor trafficking (4) . TBC domains compose the catalytic core of several Rab GAPs (3, 5) . More than 40 human TBC domain-containing proteins have been identified, and their substrate Rab specificities are slowly being assigned. TBC1D20 inactivates Rab1 and causes collapse of the Golgi complex (6, 7), TBC1D10 A-C acts on Rab35 (8, 9) , TBC1D30 acts on Rab8A (10), and RUTBC1 is a GAP for Rab32 (11) .
Metastatic melanoma is a leading cause of cancer deaths worldwide (12) . TBC1D16 is up-regulated in melanoma and overexpressed in ∼60% of melanomas (www.genecards.org/cgibin/carddisp.pl?gene=TBC1D16). Micropthalmia-associated transcription factor, a master regulator of melanocyte development and melanoma progression, induces TBC1D16 expression (13) . TBC1D16 is the second-highest scoring gene product identified using a computational framework integrating chromosomal copy number and gene expression data to detect aberrations that promote melanoma progression (14) . Moreover, TBC1D16-overexpressing melanoma cells depend on TBC1D16 for growth (14) . The function of TBC1D16 is unknown, however. We show here that TBC1D16 is a Rab4A GAP that regulates transferrin receptor recycling and EGF receptor (EGFR) signaling.
Results and Discussion
We screened 21 purified Rab GTPases as potential substrates for purified GST-TBC1D16, including Rab proteins that are enriched in melanoma cells (Rab27A and Rab38). We identified Rab4A as the preferred substrate for GST-TBC1D16 (Fig. 1A) . Several Rab GAPs use an essential arginine residue to enhance the intrinsic GTPase activity of their corresponding Rab substrate(s) (5) . We aligned the sequence of TBC1D16 with other Rab GAPs and identified arginine 494 as being potentially critical for TBC1D16 GAP function. Mutation of this arginine to alanine (TBC1D16 R494A) significantly impaired the ability of TBC1D16 to enhance Rab4A GTPase activity (Fig. 1B) . Thus, TBC1D16 is a Rab4A GAP in vitro, and arginine 494 is indispensable for catalysis. We performed our initial experiments using equimolar amounts of Rab substrates and GAP enzyme, to ensure detection of activity. Reactions containing substoichiometric catalytic amounts of TBC1D16 also displayed potent enhancement of Rab4A GTPase activity in a concentration-dependent manner (Fig. 1C) .
Rab4A is localized to early and recycling endosomes and is required for the rapid recycling of receptors from early endosomes to the cell surface (15). We expressed GFP-TBC1D16 in cells and evaluated its localization. Differential centrifugation ( Fig. 2A) revealed that most GFP-TBC1D16 protein fractionated with cytosol, but a portion was membrane-associated. Cells expressing exogenous Myc-TBC1D16 were treated with liquid nitrogen to deplete cytosolic proteins and visualized by immunofluorescence microscopy ( Fig. 2 B-E) . TBC1D16 colocalized extensively with transferrin receptors and the early endosomal marker EEA1, but not with LAMP1, a marker for late endosomes and lysosomes ( Fig. 2 B-E) . This is consistent with TBC1D16's role as a Rab4A GAP as Rab4A localizes to early and recycling endosomes. Thus, membrane-associated TBC1D16 resides primarily on early endosomes, where it can act on Rab4A.
Rab GAPs can activate particular Rabs in vitro, but fail to act on those Rabs in cells (3) . Thus, we examined the effect of TBC1D16 expression on Rab4A-dependent transferrin receptor recycling in cultured cells (16) . We first tested transferrin endocytosis. Cells were pretreated with rhodamine-labeled transferrin on ice and then warmed for various times to monitor internalization. The amount of transferrin internalized was essentially identical in cells expressing GFP-TBC1D16 and cells expressing the catalytically inactive, mutant protein GFP-TBC1D16 R494A (Fig. 3 A and C) . Thus, TBC1D16 expression did not influence Rab5-dependent endocytosis of transferrin.
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To monitor receptor recycling, HeLa cells expressing GFP-TBC1D16 or GFP-TBC1D16 R494A were pulse-labeled with rhodamine-transferrin for 30 min at 37°C and then chased with unlabeled holo-transferrin for various times and processed for immunofluorescence microscopy. Although cells expressing GFP-TBC1D16 R494A recycled most of the internalized transferrin by 20 min and had little remaining cell-associated fluorescence, cells expressing WT TBC1D16 retained significant amounts of transferrin after 20 min and as much as 40% of initial levels after 40 min ( Fig. 3 B and D) . In UAC1273 melanoma cells, siRNA depletion of TBC1D16 mRNA (monitored by quantitative PCR; Fig. 3E , Inset) slightly enhanced the rate of transferrin recycling (Fig. 3E ). These experiments demonstrate that TBC1D16 interferes with the ability of cells to recycle transferrin, consistent with its role as a Rab4A GAP.
When Rabs are converted to their GDP-bound forms, they are targets for GDI-mediated membrane extraction (17) . Indeed, GTP-Rabs are stabilized on membranes by binding of their specific effector proteins (18) . If TBC1D16 were a Rab4A GAP in cells, it would be predicted to decrease the levels of Rab4A on endosomes. GFP-Rab4A decorated numerous punctate structures, and a perinuclear concentration specific to the exogenously expressed protein was also observed in some cells (Fig. 4 , Left). In contrast, the Rab4A localization in cells expressing TBC1D16 (Fig. 4 , Middle) was converted to a cytoplasmic haze and the punctate pattern was eliminated. Importantly, this change required the catalytic activity of TBC1D16 as cells expressing the inactive TBC1D16R494A showed the Rab4A puncta characteristic of untransfected cells (compare Fig. 4 Right and Left). These experiments strongly suggest that TBC1D16 acts on Rab4A in cells to convert membrane associated, GTP-Rab4A to a predominantly cytosolic, GDPbearing form.
Little colocalization was detected between GFP-Rab4A and exogenous, WT TBC1D16 or TBC1D16 R494A proteins (Fig.  4) , despite the fact that TBC1D16 colocalized with EEA1 and transferrin receptors (Fig. 2B ). It is likely that endogenous (and exogenous) WT TBC1D16 proteins act on GFP-Rab4A, causing its release from those membranes. The residual GFP-Rab4A puncta seen in cotransfected cells likely represent Rab4A-positive recycling intermediates that do not harbor TBC1D16. Colocalization of Rab4A and TBC1D16 is not expected, because GAPs have very low affinity for their Rab GTPase substrates (5) and in a few cases have been shown to localize to membranes by binding to a previous-acting Rab protein (3).
It is important to note that Rab17, Rab21, and Rab35 also participate in transferrin receptor trafficking (19) (20) (21) . We cannot exclude the possibility that TBC1D16 also acts on these Rab proteins. However, the redistribution of Rab4A from membrane puncta to the cytosol (Fig. 4) demonstrates that TBC1D16 is a potent Rab4A GAP in cells.
The TBC1D16 protein has a predicted M r of 86,372. A shorter isoform (predicted M r , 47,124) also has been identified (14) largely comprising the TBC domain present within the C-terminal, 410 residues of TBC1D16 (357-767). Because the shorter form is often seen in melanoma, it was important to verify that this form has the same specificity for Rab4A. The purified, ∼45-kD form of TBC1D16 was similar to the full-length protein in its ability to stimulate Rab4A GTPase activity (Fig. S1A) . Moreover, analogous to the full-length protein, expression of the shorter form had no effect on transferrin internalization (Fig.  S1B ), but did slow transferrin recycling (Fig. S1C) .
The importance of TBC1D16 in melanoma (14) led us to explore its role in regulating the Rab4A-dependent trafficking of receptor tyrosine kinases. On addition of EGF, activated EGFRs are endocytosed by clathrin-coated vesicles and delivered to early endosomes; the receptors are then sequestered into the internal vesicles of multivesicular endosomes, before their degradation (22) . Alternatively, they may recycle to the cell surface (22) . Ligand release, intraendosomal sequestration, and degradation all turn off EGFR-mediated signaling events. We reasoned that the TBC1D16-regulated rate of receptor exit from early endosomes should influence EGFR trafficking and signaling.
Serum-starved WM115 melanoma cells were stimulated with EGF for various times in the presence of either control or TBC1D16 siRNA (Fig. 5 A and B) . Compared with control treated cells, cells depleted of TBC1D16 had higher levels of EGFR and phospho-EGFR at 60 min after EGF addition. Moreover, there was a slight increase in EGFR signaling, as determined by monitoring the levels of phosphorylated ERK protein, after 60 min of EGF treatment. WM115 cells, which express relatively high levels of EGFR, were unusual in that phospho-ERK levels remained high 60 min after addition of EGF, even in the control condition. Because we tested only a single siRNA, we cannot exclude off-target effects. However, in support of the conclusion that TBC1D16 influences EGFR trafficking, expression of GFP-TBC1D16, but not of GFP, facilitated EGFR degradation in HeLa cells (compare the 60-min time points in Fig. 5C ). EGFR signaling was also reduced, with significantly less phospho-ERK and phospho-EGFR seen at 30 min and 60 min after EGF addition, respectively. These data support the conclusion that TBC1D16 interferes with Rab4A-mediated EGFR recycling, thereby promoting its degradation. In cells treated with EGF for 15 min, TBC1D16 colocalized with EGF and EGFR (Fig. 5 D and E) , consistent with TBC1D16's localization in early endosomes and its ability to regulate EGFR trafficking.
In summary, this study demonstrates that TBC1D16 is a Rab4A GAP that interferes with Rab4A-dependent receptor recycling from endosomes back to the cell surface. Although TBC1D11/GAPCenA shows strong Rab4 GAP activity in vitro (8), TBC1D16 is the only protein known to function as a Rab4A GAP in cells. Rab4A is critical for the intracellular trafficking of potent signaling receptors, including EGFR, VEGFR-2, and PDGFRB (23) (24) (25) (26) . Thus, TBC1D16's ability to regulate Rab4A controls EGF-induced EGFR degradation and signaling.
Our finding that TBC1D16 promotes EGFR degradation and decreases EGFR signaling does not explain how TBC1D16 facilitates melanomagenesis. TBC1D16 overexpression is known to enhance melanomagenesis, perhaps by altering the balance among multiple signaling pathways. Nevertheless, our finding that TBC1D16 regulates the ubiquitous Rab4A GTPase puts this enzyme in a key position to dictate receptor recycling from early endosomes, thereby regulating transferrin receptor recycling, EGFR trafficking, and EGFR signaling.
Materials and Methods
Plasmids. TBC1D16 cDNA was obtained from American Type Culture Collection (MGC-25062). The long form (1-767) and short form (357-767) were generated by PCR amplification and ligated into pCS2 + vectors. The R494A construct was generated via Quick Change (Stratagene).
Protein Purification. Rabs were purified from Rosetta2 (DE3) cells (Novagen) grown at 37°C to A 600 = 0.4-0.6. Cells were induced with 0.1 mM isopropyl β-D-1-thiogalactopyranoside for 3 h at 30°C. His-tagged Rabs were purified using nickel-nitrilotriacetic acid (Qiagen) and desalted using PD-10 columns (GE Healthcare) in 250 mM NaCl, 25 mm Hepes (pH 7.4), 10 mM β-mercaptoethanol, and 10% (vol/vol) glycerol. GST-Rabs were purified with glutathione-Sepharose 4 FF (GE Healthcare), concentrated using an Amicon Ultra spin concentrator (Millipore), and stored in 10% (vol/vol) glycerol at −80°C. GST-TBC1D16 proteins were produced using Arctic Express RIL (Agilent Technologies) induced with 0.1 mM isopropyl β-D-1-thiogalactopyranoside 24 h at 11°C.
Cell Culture and Transfection. HeLa cells were transfected with FuGENE 6 (Promega). WM115 cells were nucleofected with 300 nM control siRNA (GUUCAAUAGGCUUACUAAUUU) or 5′ fluorescently labeled TBC1D16 siRNA (Dy547-GCCAGAGGAUGAGGAGAAUU) using program X-001, Solution V, and a nucleofector 2 apparatus (Lonza). UAC1273 cells were transfected with siRNA using Dharmafect (Reagent 1; Thermo Scientific). Cells were maintained in DMEM supplemented with penicillin/streptomycin, glutamine, and 7.5% (vol/vol) FCS. (18), and GAP assays were performed as described previously (11) . For membrane/cytosol fractionation, at 24 h after transfection, HeLa cells were washed twice in PBS, then collected in cold lysis buffer [10 mM Hepes (pH 7.4), 150 mM NaCl, 5 mM MgCl 2, 1 mM EDTA, 1 mM ATP, and 1× protease inhibitor mixture (Roche)]. Lysates were passed 20 times through a 25-gauge needle and rotated end over end for 15 min at 4°C. Postnuclear supernatant was obtained by centrifugation at 835 × g for 7 min at 4°C. The supernatant was then centrifuged at 213,000 × g for 15 min at 4°C in a Beckman Coulter TLA 100.2 rotor. The membrane fraction was resuspended in ice-cold lysis buffer plus 1% (vol/vol) Triton.
Antibodies and
Transferrin Receptor Uptake and Recycling. Cells were rapidly warmed to 37°C, and washed once in 20 mM acetic acid and 500 mM NaCl (pH 3.0) at various times. For transferrin uptake experiments, cells were subsequently washed twice in PBS and fixed for 20 min in 3.7% paraformaldehyde containing 20 mM Hepes (pH 7.4). After quenching in DMEM plus 10 mM Hepes (pH 7.4), cells were washed twice in PBS, rinsed in water, and mounted using Mowiol. For transferrin recycling, HeLa and UAC1273 cells were loaded with transferrin as described above at 37°C for 30 min, then washed twice in SFUM and further incubated with 1 mg/mL of unlabeled holotransferrin at 37°C for 0, 10, 20, or 40 min in SFUM (HeLa cells) or DMEM/1% FCS (UAC1273 cells). HeLa cells were imaged at room temperature using a Zeiss Axiophot 2 microscope fitted with a 1.3-NA 100× Plan-Neofluar oil immersion objective; images were captured with a Hamamatsu Orca R2 camera and AxioVision software version 7.1 (Zeiss). The smaller UAC1273 cells were imaged using a Leica TCS SP2 SE confocal scanner in conjunction with a Leica DM6000 B upright scope (with attached Leica HCX PL apochromatic 63×/NA 1.4 objective) and a Leica CTR 6000 confocal control box, which was controlled by Leica Control Software. Total cellular fluorescence was quantified using ImageJ software. A line was drawn around each cell, and the total integrated density corresponding to cellular fluorescence was determined.
Integrated density values were divided by total cell area to obtain fluorescence values normalized for cell size. For cells expressing GFP-tagged TBC1D16 proteins, the 20 cells exhibiting the highest normalized integrated density value for GFP fluorescence were analyzed. Transfected UAC1273 cells were analyzed by counting 80 or more cells corresponding to each condition and time point (Fig. 3E) . Only cells that incorporated the fluorescently labeled TBC1D16 siRNA were included in these calculations.
Colocalization/Immunofluorescence Studies. HeLa cells grown on 22 × 22-mm coverslips were transfected with Myc-TBC1D16 for 24 h, then washed with SFUM and serum-starved in SFUM at 37°C for 30 min. The cells were then incubated with SFUM containing 25 μg/mL of human holo-transferrin for 30 min, 100 ng/mL Alexa Fluor 488-EGF for 15 min, or 100 ng/mL human EGF for 15 min for colocalization with transferrin receptor, EGF, and EGFR, respectively. Cells were permeabilized and cytosolic proteins depleted following an adapted procedure of Seaman (27) designed to permit antibody access to the cytoplasm for EM. Coverslips were washed once with cold PBS and twice with cold glutamate buffer [25 mM Hepes (pH 7.4), 25 mM KCl, 2.5 mM Mg(OAC) 2, 5 mM EGTA, and 150 mM glutamate]. Coverslips were then dried on a Kimwipe, and cells were permeabilized by immersion in liquid nitrogen for 5 s. The coverslips were thawed for 1 min on a Kimwipe, washed twice in cold glutamate buffer, and fixed in 3.7% paraformaldehyde for 15 min. They were then washed twice in DMEM plus 10 mM Hepes, then incubated at room temperature for 15 min. All subsequent steps were performed at room temperature. After three washes in PBS, cells were placed in 0.3% Triton X-100, 5% BSA, and PBS for 1 h, and then incubated with antibodies diluted 1:500 in 0.1% Triton X-100/1% BSA/PBS for 1 h. Cells were washed three times with PBS, incubated with the appropriate secondary antibodies diluted 1:1,000 in the aforementioned solution for 1 h, and again washed three times with PBS and mounted on slides using Mowiol. Adobe Photoshop was used to process images. For quantitation of colocalization, TBC1D16-positive vesicles were individually counted in 10 cells and assessed for costaining.
EGFR Degradation and Signaling Assays. At 24 h after HeLa cells were transfected with GFP constructs, or 48 h after WM115 cells were transfected with siRNA,thecellswereserum-starvedinSFUM(HeLacells)orDMEM containing1% FCS (WM115 cells) for 8 h at 37°C. During the last 4 h, 25 μg/mL of cycloheximide was added to the media to prevent protein synthesis. Cells were placed on ice for 30 min, 20 ng/mL of human EGF was added, and cells were kept on ice for an additional 30 min. Subsequently, cells in 10-cm tissue culture dishes were moved to a 37°C incubator for the times indicated. Then, the cells were moved to a cold room and washed three times with cold PBS, then lysed in ice-cold RIPA buffer (50 mM Tris, 150 mM NaCl, 0.1% SDS, 1% Triton X-100, 1 mM EDTA, 0.5% sodium deoxycholate) plus 2 mM sodium orthovanadate and protease inhibitors (PMSF, leupeptin, aprotinin, and pepstatin A). Lysates were passed 10 times through a 20-gauge needle, then incubated end over end at 4°C for 15 min. Supernatants were obtained after spinning at 18,188 × g for 10 min at 4°C. Protein concentrations were measured with a bicinchoninic acid assay.
Quantitative RT-PCR. Total RNA from UAC1273 or WM115 cells was isolated at 48 h after cells were transfected with control or TBC1D16 siRNA using an RNAeasy Mini Kit (Qiagen). Total RNA (1 μg) was reverse-transcribed with an iScript cDNA Synthesis Kit (Bio-Rad). Approximately 0.5% of each reaction was added to quantitative RT-PCR reactions in a total volume of 10 μL containing 5 μL of 2× SYBR Green Master Mix (Life Technologies) and 0.2 μL each of forward (5′CGGACAGCAA-CGGCCTCCTG-3′) and reverse (5′-CCCA-GGTCCACGCGGAACAC-3′) primers to a final concentration of 10 μM. Detection and data analysis were performed with an ABI PRISM 7900 sequence detection system (Life Technologies), using 18S rRNA as an internal control. Expression levels were calculated using the relative standard curve method to determine RNA quantity, normalized to 18S rRNA.
